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ABSTRACT
An Omnimagnet is an electromagnetic device that enables remote magnetic manipulation of devices such as
medical implants and microrobots. It is comprised of three orthogonal nested solenoids with a ferromagnetic core at
the center. Electrical current within the solenoids leads to Joule heating, resulting in undesired temperature increase
within the Omnimagnet. If the temperature exceeds the melting point of the wire insulation, device failure will occur.
Thus, a study of heat transfer within an Omnimagnet is a necessity, particularly to maximize the performance of
the device. For the first time, a transient heat transfer model, that incorporates all three heat transfer modes, is
proposed and validated with experimental data for an Omnimagnet with maximum root mean square error equal
to 8% (4◦C). This transient model is not computationally expensive. It is relatively easy to apply to Omnimagnets
with different structures. The accuracy of this model depends on the accuracy of the input data. The code is applied
to calculate the maximum safe operational time at a fixed input current or the maximum safe input current for
a fixed time interval. The maximum safe operational time and maximum safe input current depend on size and
structure of the Omnimagnet and the lowest melting point of all the Omnimagnet materials. A parametric study
shows that increasing convective heat transfer during cooling, and during heating with low input currents, is an
effective method to increase the maximum operational time of the Omnimagnet.The thermal model is also presented
in a state-space equation format that can be used in a real-time Kalman filter current controller to avoid device
failure due to excessive heating.
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1 Introduction
An Omnimagnet [1] is a relatively new electromagnetic device that enables remote magnetic manipulation [2] of devices
such as medical implants and microrobots. We are particularly interested in its use for robotically assisted insertion of
cochlear-implant electrode arrays [3, 4, 5], in which an Omnimagnet is adjacent to the patient’s head during surgery. An
Omnimagnet is comprised of three orthogonal nested solenoids with a spherical ferromagnetic core at the center, and is
optimized to generate a dipole-like magnetic field in any direction. By controlling the input current within the individual
solenoids, the magnitude and direction of the resulting dipole moment can be controlled. The electrical current flowing
through the solenoids produces Joule heating, which results in undesirable temperature increase within the Omnimagnet. If
the temperature of the wire insulation exceeds its melting point in any of the solenoids, a short circuit will occur, resulting
in irreversible device failure. Thus, a heat transfer study is necessary to define operational limits for the Omnimagnet.
Additionally, a heat transfer model can be employed to improve future designs of Omnimagnets.
Petruska and Abbott [1] briefly considered heat transfer in an Omnimagnet as a part of the original design process.
They assumed a steady-state condition and calculated the maximum current density for a desired magnetic field strength.
Transient heat transfer within the Omnimagnet has not been previously studied. Other relevant research is related to heat-
transfer studies within power transformers. The heat source in both a power transformer and an Omnimagnet is resistive
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heating and the materials (copper, electrically resistive paper, and polyamide insulation) are similar. Thus, the basic heat
transfer within a power transformer and an Omnimagnet are alike; hence, the published work on power-transformer heat
transfer is relevant. Temperature is a key factor in controlling power transformer aging. Based on the international standards
for oil-immersed transformers (IEC 60076-7), the aging rate of power transformers is normal at temperatures lower than
98◦C. For every 6◦C temperature increase, the lifetime of a transformer is reduced by 50% [6]. Another key performance
parameter in transformers is hot-spot location. Locating hot spots and calculating their temperature are two of the primary
reasons researchers have investigated power-transformer heat transfer [7, 8, 9, 10, 11].
Computational fluid dynamics (CFD) and thermal network models (TNM)/thermal hydraulic network models (THNM)
are two of the main techniques that have been applied to model heat transfer within power transformers [6, 10, 11, 12, 13,
14, 15, 16, 17, 18]. In the review paper by Campelo et al., it was reported that increasing oil flow rate does not significantly
change the convection coefficient in high voltage power transformers [6]. They concluded that CFD and TNM methods
produced the most accurate thermal models for power transformers. CFD methods were reported to be more accurate, but
computationally expensive, and as a result researchers are using TNM frequently in their studies [14].
Research studies focused on modeling heat transfer within power transformers are still being reported [6, 11, 15, 16,
19]. For instance, Rodriguez et al. [16] focused on the cooling capacity of radiators that have been used to decrease the
temperature of the windings. They performed experiments to validate their simulation results and showed that oil is ten
times more efficient than air in cooling the transformer. They also reported that the air flow rate has only a minor effect on
convective cooling of the transformer.
In most heat-transfer studies related to power transformers, a steady-state condition has been applied. Power trans-
formers are relatively large devices; thus, finding the spatial temperature distribution of the power transformers has been the
main aim of most studies. On the contrary, an Omnimagnet is typically a relatively small device in comparison to a power
transformer; therefore, the transient temperature change of the Omnimagnet is more important than the spatial temperature
distribution. Because of the small dimensions of the Omnimagnet, assuming a uniform temperature distribution within in-
dividual components is reasonable, i.e., the Biot number (Bi) is small. Probably the most important determination in an
Omnimagnet heat-transfer study is the maximum time the device can be operated, for a given power distribution in the three
coils, before its failure. Alternatively, one is interested in the maximum power that can be applied for a certain period of
time. Therefore, an assumption of a steady-state condition is not beneficial for an analysis of Omnimagnet thermal behavior.
Methods to mitigate temperature rise in electrical devices such as power transformers have also been pursued recently.
For instance, modified nanomaterials with better thermal properties (higher thermal conductivity and higher cooling con-
vection coefficient) [20, 21, 22] and magnetic fluid coolants [23, 24] are two interesting adaptations that have been studied.
Mineral oil has been used as a cooling fluid in transformers. Nanofluids have also been used as alternative coolants. The
thermal conductivity of nanofluids can be as much as 75% greater than that for mineral oil, making these new substances
attractive as coolants. Increasing the operational temperature limit for wire insulation is also an attractive upgrade for trans-
formers. Typical wire insulation consists of polyamide. New nanomaterials (aliphatic polyamide) that are reinforced with
SiO2, Al2O3, and TiO2 have been patented by Weinberg [25]. These alternative insulations have better thermal properties
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than pure polyamide. In addition, carbon nanotube (CNT) materials can potentially replace copper wire, as they have high
thermal and electrical conductivity [20, 26]. As a method to increase transformer cooling rate, Patel et al. have used a mag-
netic fluid as a coolant. A Mn-Zn ferrite magnetic fluid (TCF-56) can reduce the winding, core, and top oil temperatures by
20◦C, 14◦C, and 21◦C, respectively [24].
In practice, an Omnimagnet operates for short time intervals, so it is unlikely that a steady-state thermal condition is
reached. Thus, calculating the maximum allowable current density (as in Petruska et al. [1]) to produce a desired magnetic
field does not provide transient temperature data. In this study, a transient thermal model of an Omnimagnet is developed
and validated for the first time. A preliminary version of this work was presented in [27]. The model is applied to determine
the relationship between current density and thermal limits. In addition, potential cooling methods are investigated. Finally,
a model in state space form is provided to facilitate control of the magnetic field strength while taking into account transient
temperature increase.
Thermal lumped capacitance model
The details of an Omnimagnet design are presented in [1]. The main components include frames, solenoids (coils), wire
insulation, and a ferromagnetic core. The ferromagnetic core can be spherical or cubical. An Omnimagnet may be thermally
modeled as a set of its elements (see Fig. 1).
• Frames: Four sets of two identical parallel frames are included (four elements).
• Solenoids: Three solenoids of copper wire wound around each frame are the main components of an Omnimagnet
(three elements).
• Wire insulation: Solenoid wires are insulated; however, each solenoid is modeled as a copper solid rather than a
conglomeration of separate wires. Thus, the wire insulation is also modeled as a single solid surrounding the solenoid
conductor (three elements ).
• Ferromagnetic core: A solid ferromagnetic spherical or cubical core is located in the middle of the Omnimagnet to
magnify the electromagnetic field; this sphere/cube is considered a separate element (one element).
In addition to the main components, the design may include extra electrical insulation to ensure the safety of the Omni-
magnet. These insulation layers are modeled as separate components.
• Cover insulation: The outer surface of each solenoid is covered with an additional layer of thin electrically resistive
insulation (three elements).
• Insulating paper or Kapton tape: Thermal insulating paper or Kapton tape is placed between each solenoid and the
surrounding frames.
• Material in the innermost region: The material which fills the deepest part of the Omnimagnet is modeled as an
independent element. This gap may be filled with trapped air or any other material.
The four frames, each consisting of two parallel frame sections, and their assembly for a sample Omnimagnet are shown
in Fig. 1. Inner, middle, and outer solenoids are wound around Frame 1, Frame 2, and Frame 3, respectively. Frame 4 is used
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Fig. 1. OMNIMAGNET COMPONENTS. (a) FRAME 1, FRAME 2, AND THE SPHERICAL CORE; (b) FRAME 3 IS ADDED; (c) FRAME 4 IS
ADDED. THE THREE SOLENDOIDS, WHICH ARE WOUND AROUND THE RESPECTIVE FRAMES, ARE OMITTED FOR CLARITY. THE
DIMENSIONS SHOWN ARE FOR ONE PARTICULAR OMNIMAGNET DESIGN, BUT THE DEVICE CAN BE SCALED HOMOTHETICALLY.
(d) PHOTO OF AN ASSEMBLED OMNIMAGNET.
as a support to join all the parts together. An image of a complete Omnimagnet is shown in Fig. 1(d). The wire insulation
and outer insulating cover insulation are optically transparent; thus, they are not visible in the photo.
Due to the high thermal conductivity of most Omnimagnet components (on the order of 10–100 W·m−1·K−1), low
convection coefficient (natural convection assumed, 0–10 W·m−2·K−1), and small characteristic length of each component
(< 0.2 m), Bi for each element is less than 0.1. Owing to small Bi and symmetry, it is reasonable to model the Omnimag-
net using a lumped-capacitance method. The main assumptions for the application of this method to the elements of the
Omnimagnet include:
• Temperature distribution is uniform in each element (Bi < 0.1).
• Conduction between elements is modeled with Fourier’s Law, where the differentials are approximated with variable
differences.
• Thermal contact resistance is neglected.
• The temperature of the surroundings is equal to that of ambient air.
• All thermal properties of the elements (except the copper coils) are considered to be temperature independent.
• Radiation heat transfer between different elements is neglected; however, radiation between the surrounding and
insulating paper, Frame 4, wire insulation of solenoid 3, cover insulation of the solenoid 3, and outer solenoid (solenoid
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3) is included.
• Electrical insulating materials (paper or Kapeton tape) is placed between each solenoid and the surrounding frames.
These insulating layers can be incorporated in the model as correction coefficients.
• The view factor between solenoid 2 and ambient, as well as the view factor between solenoid 3 and ambient, are both
assumed to be unity.
Utilizing these simplifying assumptions and applying an energy balance to each element, n ordinary differential equa-
tions (ODEs) are developed for n unknown temperatures. n is the number of elements of the Omnimagnet. The number
of elements includes the principal elements (11 elements), the inside trapped material (1 element), and the number of extra
electrical insulation layers. The general form of the ODE for each element is:
ρicpiVi
dTi
dt
= RiI2i −
[
j=n
∑
j=1, j 6=i
(
m=3
∑
m=1
κ jSi, j,m
Ti−Tj
∆x j,m
)]
−
[
∑
j=0| j=14
(
m=3
∑
m=1
hi, jSi, j,m(Ti−Tj)
)]
−
m=3
∑
m=1
σεiSi,0,m(T 4i −T 40 ) (1)
The variables ρi, Vi, cpi, Ti, εi, Ri and Ii are density (kg·m-3), volume (m3), specific heat capacity at constant pressure
(kJ·kg-1·K-1), temperature (K), emissivity, electrical resistance (Ω), and input current (A) of the ith element, respectively. κ j
is thermal conductivity (W·m-1·K-1) of the jth element. Ii is nonzero only for the three solenoids. Time (s) is represented by
t. Si,j,m and ∆xj,m are contact surface area (m2) and thickness (m) between the ith and jth elements in the m direction (x = 1,
y = 2, or z = 3), respectively. Note that Si,j,m = Sj,i,m. hi, j is the convection coefficient (W·m-2·K-1) between the ith element
and the ambient ( j = 0) or the inner air ( j = 14). hi, j is a function of temperature and the orientation of the surface. Based on
the orientation of the heated surface hi, j can be estimated by the convection coefficient correlation in an enclosure (hi, j)encl ,
over a vertical surface (hi, j)v, above a horizontal surface (hi, j)ha, or below a horizontal surface (hi, j)hb. All heat transfer
coefficient correlations are provided in Appendix A for a specific Omnimagnet.
T14 is the temperature of the innermost trapped fluid (K). Note that if the gap inside the inner solenoid (Solenoid 1) and
the middle solenoid (Solenoid 2) is filled with a solid, this term is replaced by a conduction term. σ is the Stefan-Boltzmann
constant (5.67× 10−8 W·m-2·K-4) and T0 is ambient temperature (K) of the air surrounding the device. The term on the
left-hand side of Eq. (1) is the storage term for the ith element. The first term on the right-hand side of Eq. (1) represents
heat source. Source terms are applicable only to the equations related to the three solenoids. The second term represents
conduction between elements, the third term represents convection to the inside trapped fluid, or the convection to ambient
if the component is exposed to the ambient air, and the fourth term represents radiation exchange with the surroundings.
Radiation is included in the equations related to the outer solenoid, the outermost frame (Frame 4), and the insulating paper.
Equation (1) is applied to each of the n elements to produce n ODEs with n unknown element temperatures. The model
requires input data such as initial temperature, volume and thickness of each element, contact surface area between two
adjacent elements, thermal properties, convection coefficients, and electrical resistance and input current of each solenoid.
An example of the thermal model applied to a specific Omnimagnet is presented in Appendix A. The equation set is solved
using MATLAB (function ode45). The ode45 function uses the last time step to provide the results for the next time step using
an explicit Runge-Kutta (4,5) method [28]. A state space format of the equations is provided in Appendix B. Simulations
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from the model should be validated and assessed for accuracy by comparisons to experimental data. An experimental
apparatus and test procedure for model validation are presented in the following section.
Experimental setup
A schematic of the experimental setup is depicted in Fig. 2. An AMC high-frequency PWM servo drive provides an
effecively constant electrical input current to the solenoids. Two Omega type-K thermocouples are implanted on opposite
sides of each solenoid, near the coil center, to measure temperature. The location of each thermocouple depends on the
number of windings in each solenoid. The thermocouples are implanted at the middle layer if there are an even number of
layers, and one wire towards the core from that if there is an odd number of layers. Two similar thermocouples are used to
measure the ambient air temperature and the air temperature beneath the center of the Omnimagnet. Electrical resistance of
each solenoid is measured using a Fluke 87 True-RMS Multimeter (accuracy ± 2Ω) at the beginning of each experiment.
All temperature data are recorded every 0.5 s and the electrical potential difference of each solenoid is measured every 5
minutes.
The computer and AMC servo drive together control the input current and maintain it at the desired value to each
solenoid. As temperature increases, the copper wire resistance changes, requiring modifications to the applied voltage to
achieve a constant current. The control loop functions between the computer and the solenoids and does not require tempera-
ture feedback. In Fig. 2, the dashed line between the data acquisition system (DAQ) and the computer indicates temperature
data acquired and stored on the computer. A single thermocouple from the same batch of identical thermocouples was
calibrated using a two-point method.
The lowest melting point in the entire Omnimagnet system is selected as the critical temperature. The experiment is
stopped when the maximum temperature is 5◦C lower than the critical temperature or after 2 hr. The maximum time that the
Omnimagnet is powered depends on the input current; higher input current leads to shorter safe operating time. Experimental
data from this process are used to validate simulation results, as presented in Appendix A.
To validate the model, 40 independent experiments were conducted on the lab-scale Omnimagnet. In each experiment,
temperatures of the three solenoids were measured at two separate locations (six measurements total) as a function of time.
Measurements were repeated for three current levels and different combinations of powered solenoids (20 heating exper-
iments). Passive Omnimagnet cooling was also considered (20 experiments). The standard deviation of the mean of the
thermocouple temperatures was determined to be 0.03◦C.
Validation and optimization
Omnimagnets are manually wound; therefore, some uncertainty exists in values required as input data to the model.
For instance, the exact value of the contact surface area between different elements, the thermal contact resistance, and the
thickness of the various insulation layers are not easily measurable and are not reported. Given these unknown parameters,
the following assumptions are made to the model initially:
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Fig. 2. EXPERIMENTAL SETUP. (a) SCHEMATIC, (b) PHOTOS.
• Contact resistance between different elements is neglected.
• Each solenoid is in perfect contact with its frame and with the adjacent solenoid(s). Thus, the maximum contact area
between elements is assumed.
• Thickness of all elements is assumed to be constant. Shrinkage or expansion due to winding pressure or temperature
increase is neglected.
The model is solved applying these assumptions and the resulting temperature data are compared with experimental data.
Conditions in the model are set to match those used in the experiments. If the differences in solenoid temperature between
the experiment and simulations are acceptable, this model can be applied for further studies or for controlling the system.
But, due to the mentioned uncertainties, better performance can be achieved by modifying the model using experimental
data. To reduce the error, and to ultimately create a more accurate model, a set of coefficients is added to the basic code.
These coefficients are applied to the terms with uncertain dimensions (e.g., thickness, contact area) and where there is a
high probability that contact resistance may be present. In addition, some coefficients are used as correction factors in the
convection heat transfer terms to better estimate convection coefficients. All assumptions and simplifications presented in
the previous paragraph are incorporated through these correction coefficients.
The number of correction coefficients and the appropriate terms to augment in the model depends on the structure of
any specific Omnimagnet. As an initial step, a correction coefficient is added to each term and an optimization process is
performed. If a correction coefficient is found to be small after optimization, that coefficient can be neglected. Only the
correction coefficients that cause a significant change to the final results (minimization of the difference between model and
experimental data) in the optimization process are incorporated into the model.
As noted, an optimization process is performed to determine appropriate values for the correction coefficients based on
minimization of the solenoid temperature differences between the experiments and simulations. During the optimization pro-
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Calculate the temperature 
difference between the 
experiment and model 
results
Choose the maximum 
temperature difference 
(∆T)
Display the optimum coefficient and the 
objective function
Begin
Run the code to solve n equations n 
unknowns for different input 
currents (different experimental 
conditions)
Choose a coefficient matrix 
Is at least one of the Optimization 
criteria satisfied?
End
Yes
NO
Update the approximation applying 
quasi-Newton method
Fig. 3. OPTIMIZATION ALGORITHM TO DETERMINE MODIFICATION COEFFICIENTS.
cess, transient solenoid temperatures for seven experiments corresponding to the seven combinations of powered solenoids,
are evaluated and compared to simulation data determined under similar conditions. A MATLAB optimization toolbox (using
the fmincon ‘interior point algorithm’ [29]) is used to minimize the maximum solenoid temperature difference by varying
the coefficients using a quasi-Newton method. The algorithm is illustrated in Fig. 3. The final result is a semi-empirical
model, based on the lumped capacitance method, for the Omnimagnet. The coefficients for the conduction terms can vary
between 0 to 1. On the other hand, the coefficients for the convection terms can be larger than one, but the upper limit for
these coefficients should not exceed the upper limit for the type of the convection used to cool the Omnimagnet (e.g., for
natural convection in air the convection coefficient should not exceed 25 W·m-2·K-1 [30].
The model is applied to the Omnimagnet used in the experiments. Details of the input data for the Omnimagnet are
presented in Appendix A. Following the optimization process, the maximum solenoid temperature difference between the
simulations and experiments is less than 4◦C at temperatures less than 120◦C. Comparisons of simulation and experiment
transient temperatures for the three solenoids are shown in Fig. 4. In Fig. 4(a), only the inner solenoid (Solenoid 1) is powered
(at 3.13 A). The maximum root-mean-square error (RMSE) and normalized root-mean-square error (NRMSE) in this case
are 1.7◦C and 4.7%, respectively. During cooling, no electrical current is flowing in any part of the system (Fig. 4(b)).
The model accurately predicts solenoid temperatures under conditions of natural convection and radiation cooling (RMSE
= 1.2◦C, NRMSE = 3.1%). Transient solenoid temperature response when current is applied to the middle (Solenoid 2) and
outer solenoids (Solenoid 3) (3.04 A in each) is shown in Fig. 4(c). Here the error (RMSE = 0.43◦C, NRMSE = 1%) is
less than the case when only Solenoid 1 is powered (Fig. 4(a)). Finally, the transient solenoid temperature response when
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all three solenoids are powered at 3.8 A is presented in Fig. 4(d), where the maximum RMSE and NRMSE are 0.6◦C and
0.6%, respectively. These errors are deemed acceptable given the uncertainties in some of the input data and the assumptions
inherent to the lumped capacitance method. When using an Omnimagnet in practice, a factor of safety can be included that
accounts for this level of modeling error.
Fig. 4. EXPERIMENTAL VALIDATION OF THE MODEL. (a) INNER SOLENOID ON; (b) COOLING PERIOD, NO CURRENT FLOW; (c)
MIDDLE AND OUTER SOLENOIDS ON; (d) ALL THREE SOLENOIDS ON.
Results and discussion
After validation, the model is used to study the thermal behavior of the Omnimagnet under different conditions. Of
most interest is the maximum time tmax the Omnimagnet can be powered before the maximum temperature Tmax in the device
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Fig. 5. MAXIMUM OPERATIONAL TIME FOR THE OMNIMAGNET UNDER SEVEN DIFFERENT COMBINATIONS OF POWERED
SOLENOIDS IN A RANGE OF CURRENT FROM 0 TO 50 A AND NATURAL-CONVECTION COOLING.
reaches the temperature limit (glass temperature) where the outer insulation would begin melting, which for the Omnimagnet
prototype (see Appendix A) is 115◦C. tmax data are shown in Fig. 5 for seven cases corresponding to seven combinations of
solenoids carrying current I.
As shown in Fig. 5, when cooling is achieved by natural convection and radiation with the surroundings, the worst-case
scenario occurs when all three solenoids are powered simultaneously. The inner solenoid heats more quickly than the other
two, due to the high thermal resistance between the inner solenoid (solenoid 1) and the ambient. According to the data in
Fig. 5, free convection is not very effective in removing excess heat from the Omnimagnet, which limits the time the device
can be powered. Thus, more effective cooling mechanisms should be considered. Increasing the convection heat transfer
coefficient on the surface of the middle and outer coils, which are exposed to the ambient, is an option to decrease Tmax and
subsequently increase tmax. The effect of the convection heat transfer coefficient is discussed in the next section.
Effect of h for heating and cooling
The inner solenoid is not exposed to the ambient so it is not directly affected by convective cooling from the outer
surfaces of the Omnimagnet. On the other hand, all four external surfaces of the outer solenoid and two of the four external
surfaces of the middle solenoid are exposed to convective cooling with ambient air. Therefore, it is expected that increas-
ing the convective heat transfer coefficient will directly affect the transient temperature response of the middle and outer
solenoids while the inner solenoid will only be indirectly influenced. The effect of h on the temperature of the solenoids
is studied in both cooling and heating modes. A set of four different values of h are selected for the study. A heat trans-
fer coefficient equal to 5 Wm−2K−1 is chosen as a representation of natural convection in air. A value of 250 Wm−2K−1
represents forced convection in air, and 500 and 1000 Wm−2K−1 correspond to natural convection in a liquid media, which
can be produced by nanofluids as mentioned in the Introduction. The effect of h for six different values of input current
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applied only to the outer solenoid is shown in Fig. 6. Generally, the heating rate for the solenoid with the highest temperature
(Solenoid 3) is slowed as h increases, but this effect is tempered at higher input current. For large I (depending on size and
structure of the Omnimagnet) this effect is negligible. At lower current, the input power is of the same order of magnitude
as the convection heat transfer rate, which enables control of the Omnimagnet temperature. According to Eq. (1), doubling
the current leads to four times the power. As a result, for larger values of I, increases in convection coefficient have less
effect on reducing the rate of temperature increase, making a maximum safe operating temperature impossible. It should
also be noted that for relatively high input current (it depending on size and structure of the Omnimagnet), Solenoid 3 heats
very rapidly and the safe operating temperature is achieved quickly. For these power levels, heat dissipation by convective
cooling is overwhelmed by the input power and changes in h are inconsequential. It can be concluded that for high I, forced
convection from the outer surfaces of the Omnimagnet by itself is not a suitable method to slow the heating process and to
prevent undesirable effects of high temperature.
While convective cooling of the Omnimagnet is found to be insufficient for extending the operational time at relatively
high input power, convective cooling should be effective when none of the solenoids is powered and the objective is to cool
the entire device to an acceptable temperature level. To study the validity of this hypothesis, the transient response of non-
dimensional temperature of the three solenoids is considered with no power applied to the device (Fig. 7). To calculate the
initial temperature, it is assumed that all solenoids are powered for 60 min with I = 3 A. The temperature at the last time step
is used as the initial temperature of the cooling period. Initial temperatures for Solenoids 1, 2, and 3 are 75.3◦C, 71.1◦C, and
66.0◦C, respectively. A non-dimensional temperature is chosen to display the temporal response as the trends are self-similar
for different initial temperatures. As expected, cooling rates are greater for increasing values of h. This is especially true for
forced convection with air or a liquid. As expected, the outer solenoid (Solenoid 3) with its entire outer surface exposed to
the convective environment cools at the highest rate. The data in Fig. 7 indicate that the cooling rate on the inner solenoid
(Solenoid 1) is lower than the other two. The inner solenoid does not have direct contact with the ambient air, while the
middle solenoid (Solenoid 2) has less surface area exposed to convection in comparison to the outer solenoid (Solenoid 3).
While the cooling process is reasonably effective, it would be advantageous to find other means to reduce Tmax, increase tmax,
and decrease the cooling time to achieve a desired temperature level.
Conclusion
For the first time, thermal performance of an Omnimagnet is studied using a lumped capacitance model, which is
validated with experimental data from a single Omnimagnet. An optimized model, which includes correction coefficients for
the Omnimagnet used in the validation, is found to be in good agreement with the experimental data. The maximum root
mean square error of the model is approximately 8% (4◦C). Based on a parametric study that considers all seven possible
combinations of powered solenoids, the safe range of input current, where the maximum temperature of the system does
not reach the minimum melting point of the Omnimagnet components, is calculated. Increases to the external heat transfer
coefficient are found to be beneficial only at low input current. With no power applied to the device, external convection is
found to be much more beneficial for heat dissipation although cooling time is still significant. Given the ineffectiveness of
11
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external convection, active cooling of device components, such as the frame or the interior sphere, should be considered to
improve overall thermal performance of the Omnimagnet. The thermal model is linearized and presented as a state-space
equation that can be applied in a Kalman filter controller. This model may be used as a basic thermal management tool for
any type of omnidirectional electromagnetic device.
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Appendix A: A Case Study
The implementation of the lumped-capacitance transient model on the Omnimagnet used for the validation experiments
is presented in this section. The Omnimagnet consists of 16 components as indicated by the volume of each in Table A.1. The
components include the three solenoids, four frames, wire insulation on each solenoid (3), cover insulation on each solenoid
(3), the air trapped within the inner solenoid by the middle solenoid (inner air), the spherical core, and the electric insulation
paper between Solenoid 2 and Frame 4. Thin insulating paper is placed between all solenoids and their adjacent frames;
however, their impact on heat transfer in negligible with one exception. The insulating paper between Frame 4 and Solenoid
2 is included, because it transmits radiation to the ambient. Applying Eq. 1 to all 16 elements produces a set of 16 ODE
equations with 16 unknown temperatures, which are solved at each time step. The input data for the model are presented in
Tables A.1 to A.7. Table A.2 contains the constant thermal properties for the materials in each component. While the exact
composition of the wire insulation is unknown, it consists primarily of polyamide. The specific heat capacity at constant
pressure cpc (Eq. A.1 [30, 31, 32]) and thermal conductivity κc (Eq. A.2 [30, 31, 32]) of copper are modeled as functions of
temperature.
Volume data for each component are presented in Table A.1. The volumes of the frames and core are extracted from
SOLIDWORKS CAD files. The volume of the solenoids, insulation layers, and the trapped air can be calculated using
expressions provided in [1].
Table A.1. Component volume
Variable Element V (cm3) Number Element V (cm3)
V1 Solenoid 1 (Copper 1) 326 V9 Cover insulation 1 (Solenoid 1) 4.2
V2 Solenoid 2 (Copper 2) 285 V10 Wire insulation 2 (Solenoid 2) 47.6
V3 Solenoid 3 (Copper 3) 320 V11 Cover insulation 2 (Solenoid 2) 5.5
V4 Frame 1 2×27.77 V12 Wire insulation 3 (Solenoid 3) 52.4
V5 Frame 2 2×31.95 V13 Cover insulation 3 (Solenoid 3) 6.9
V6 Frame 3 2×25.46 V14 Inside air 294
V7 Frame 4 2×46.18 V15 Spherical core 525
V8 Wire insulation 1 (Solenoid 1) 54.9 V16 Insulating paper 2.9
cpc = 316.21+0.3177 T c−3.5×10−4 T c2 (A.1)
κc = 420.75−0.068493 T c (A.2)
The electrical resistance of wire is also modeled as a function of temperature (Eq. A.3):
R = R0(1+α0(T −293.15)) (A.3)
1
where R0 is the initial electrical resistance of the wire, which is 3.2 Ω, 2.8 Ω, and 3.1 Ω for Solenoids 1, 2, and 3,
respectively. The constant α0 for copper is 0.0039 1/K [33, 34].
Table A.2. Thermal properties for component materials
Component cp (kJ·kg-1·K-1) ρ (kg· m-3) k (W·m-1·K-1) ε
Frame (aluminum) 0.896 [30] 2700 [30] 210 [30] 0.03 [30]
Wire (copper) Eq. 2 [30, 31, 32] 8960 [30] Eq. 3 [30, 31, 32] 0.78 (heated) [35]
Wire insulation (polyamide) 1.670 [36] 1140 [36] 0.25 [36] 0.6
Ferromagnetic core 0.502 [37] 8165.57 [37] 13 [37] -
Cover insulation (polyurethane) 1.800 [38] 1200 [38] 0.024 [38] 0.9
Inside trapped air 1.007 [30] 1.614 [30] 0.0263 [30] -
Insulating paper 1.336 [30] 950 [30] 0.143 [30] 0.95 [30]
Calculating the contact surface area between two adjacent components (Table A.3) is time consuming and prone to
uncertainty. In addition, the contact surface area depends on the Cartesian direction, as conduction is a vector quantity. Thus,
in addition to the contact surface area, component thickness is determined for all three directions, as shown in Table A.4. The
thickness of one layer of wire insulation, which is defined as ∆x17,m, is 0.004 cm. The thickness of wire insulation between
frame 4 and wire insulation 3 is considered to be equal to the thickness of the wire insulation.
Natural convection heat transfer coefficients are based on empirical correlations as presented in Table A.5. The locations
where they are applied are: 1) between the inside trapped air and adjacent components, 2) between ambient air and Solenoid
3, 3) between ambient and the lower surface of Solenoid 2, and 4) between ambient and the upper surface of Solenoid 2.
NuL =
hi, jL
κi , Pr =
ν
α , and RaL =
gβ(Ts−T∞)L3
να represent average Nusselt number, Prandtl number, and Rayleigh number,
respectively. ν is kinematic viscosity (m2·s-1), α is thermal diffusivity (m2·s-1), g is gravity (m·s-2), β is thermal expansion
coefficient (K-1), and L is characteristic length (m). The subscript ”s” represents the surface and subscript ”∞” represents
ambient. As is the surface area of the hot surface (m2), and P is the perimeter of the hot surface (m).
The glass temperature of the insulation covering the outside of each solenoid is 120◦C, which is the lowest melting
point of all the materials in the entire system. Therefore, this temperature determined the upper limit for the experiments.
All heating experiments were terminated when the insulation achieved a temperature of 115◦C or after a total time of 2 hr,
whichever occurred first. As a result, the maximum time that the Omnimagnet was powered depends on input current;
higher input current leads to shorter safe operating time. Experimental data acquired from this process were used to validate
simulation results. Initially, the differences in solenoid temperatures between the experiment and simulations was as high
as 25◦C; however, the transient trends were similar. The maximum temperature difference was found to occur at the upper
operational limits near 115◦C.
To reduce the error, and to ultimately create a more accurate model, 15 coefficients were added to the basic code. These
correction coefficients were applied to the terms with uncertain dimensions (e.g., thickness, contact area) and where there
2
Table A.3. Contact surface area
Si, j,m Element m = 1 m = 2 m = 3
x direction (cm2) y direction (cm2) z direction (cm2)
S1,8,m Solenoid 1 + Wire insulation 1 112 179 177
S1,9,m Solenoid 1 + Cover insulation 1 0 228 232
S2,10,m Solenoid 2 + Wire insulation 2 266 38 294
S2,11,m Solenoid 2 + Cover insulation 2 326 0 285
S3,12,m Solenoid 3 + Wire insulation 3 381 362 72
S3,13,m Solenoid 3 + Cover insulation 3 422 403 0
S4,5,m Frame 1 + Frame 2 8 0 0
S4,8,m Frame 1 + Wire insulation 1 0 95 20
S4,14,m Frame 1 + Trapped inside air 11 90 12
S4,15,m Frame 1 + Sphere 0 17 0
S5,6,m Frame 2 + Frame 3 5 0 0
S5,8,m Frame 2 + Wire insulation 1 47 0 0
S5,10,m Frame 2 + Wire insulation 2 138 0 14
S5,12,m Frame 2 + Wire insulation 3 0 3.6 0
S5,14,m Frame 2 + Trapped inside air 65 27 43
S6,0,m Frame 3 + Ambient air 43 157 29.3
S6,7,m Frame 3 + Frame 4 0 6 0
S6,10,m Frame 3 + Wire insulation 2 0 5.4 0
S6,12,m Frame 3 + Wire insulation 3 15 155 0
S7,0,m Frame 4 + Ambient air 6 36 172
S7,12,m Frame 4 + Wire insulation 3 0 0 9
S7,16,m Frame 4 +Paper 0 0 43
S8,14,m Wire insulation 1 + Trapped inside air 0 90 151
S9,0,m Cover insulation 1 + Ambient air (middle channel) 0 134 0
S9,10,m Cover insulation 1+Wire insulation 2 0 0 177
S10,14,m Wire insulation 2 + Inside air 72 0 220
S11,0,m Cover insulation 2 + Ambient air 0 0 160
S11,12,m Cover insulation 2 + Wire insulation 3 242 0 0
S11,16,m Cover insulation 2 + Paper 0 0 180
S12,0,m Wire insulation 3 + Ambient air (middle channel) 0 178 0
S13,0,m Cover insulation 3 + Ambient air 436 577 36
S15,14,m Sphere + Inside air 73 73 73
S16,0,m Paper + Ambient air 0 0 160
3
Table A.4. Component thickness
∆ x j,m m = 1 m = 2 m = 3 ∆ x j,m m = 1 m = 2 m = 3
x direction (cm) y direction (cm) z direction (cm) x direction (cm) y direction (cm) z direction (cm)
∆x1,m 10 1.4 1.4 ∆x2,m 0.8 11.9 0.8
∆x3,m 0.7 12.1 0.7 ∆x4,m 10 0.6 2
∆x5,m 0.5 12.7 1.1 ∆x6,m 1.1 0.3 1.2
∆x7,m 1.2 14.3 0.6 ∆x8,m 0.6 0.08 0.08
∆x9,m 10.06 0.02 0.02 ∆x10,m 0.05 0.7 0.05
∆x11,m 0.02 12.11 0.02 ∆x12.m 0.04 0.04 0.8
∆x13,m 0.02 0.02 13.67 ∆x14,m 0 0 0
∆x15,m 4.5 3.7 4.5 ∆x16,m 10.06 7.51 0.01
Table A.5. Convection coefficients
hi, j Nusselt number correlation Characteristic length (m) i Reference
(hi,14)v NuL = 0.18( Pr0.2+Pr RaL)
0.29 L = yi− yj 4, 5, 8, 10, 15 [39]
(hi,0)encl NuL = [0.825+
0.387Ra1/6L
[1+(0.492/Pr)9/16]8/27
]2 L = Li 6, 7, 9, 12, 13 [40]
(hi,0)hb NuL = 0.52RaL1/5 L = As/P 11, 16 [41]
(hi,0)ha NuL = 0.54RaL1/4 L = As/P 11, 16 [42]
was a high probability that contact resistance may be present. In addition, three correction coefficients were added to the
convection terms to account for the uncertainty in convection heat transfer coefficients. An optimization process was per-
formed to determine appropriate values for the coefficients based on minimization of the solenoid temperature differences
between experiments and simulations. During the optimization process, transient solenoid temperatures for seven exper-
iments, corresponding to the seven combinations of powered solenoids, were evaluated and compared to simulation data
determined under similar conditions. The MATLAB optimization toolbox (using the fmincon interior point algorithm [29])
was applied by varying the 15 coefficients using a quasi-Newton method. The optimized correction coefficients were then
applied to the terms shown in Tables A.6 and A.7. For this specific model CFi, j,m =CFj,i,m. For the conduction correction
coefficients, smaller values suggest conduction between components is insignificant; whereas, values close to unity indicate
more dominant conduction processes. Convection term correction coefficients suggest the heat transfer coefficients were
underestimated by the correlations listed in Table A.5.
Appendix B: State-space Equations
A state space equation may be used to predict the transient temperature through the entire Omnimagnet given a set of
solenoid current values that may also vary with time. The predictions may be compared with the corresponding temperatures
recorded from a limited number of thermocouples embedded within the device. By applying the Kalman filter the error of
prediction at each instance is reduced and temperatures at all points are calculated more precisely. An accurate prediction of
4
Table A.6. Correction coefficients
CFi, j,m Component 1 Component 2 m value
CF4,8,2 Frame 1 Wire insulation 1 Conduction (y direction) 0.41
CF4,8,3 Frame 1 Wire insulation 1 Conduction (z direction) 0.33
CF4,15,2 Frame 1 Sphere Conduction (y direction) 0.04
CF5,6,1 Frame 2 Frame 3 Conduction (x direction) 0.88
CF5,8,1 Frame 2 Wire insulation 1 Conduction (x direction) 0.88
CF5,10,1 Frame 2 Wire insulation 2 Conduction (x direction) 0.13
CF5,10,3 Frame 2 Wire insulation 2 Conduction (z direction) 0.30
CF5,12,3 Frame 2 Wire insulation 3 Conduction (y direction) 0.60
CF6,7,2 Frame 3 Frame 4 Conduction (y direction) 0.03
CF6,10,2 Frame 3 Wire insulation 2 Conduction (y direction) 0.95
CF6,12,1 Frame 3 Wire insulation 3 Conduction (x direction) 0.05
CF6,12,2 Frame 3 Wire insulation 3 Conduction (y direction) 0.18
Table A.7. Correction coefficients for convection coefficients
CFi, j i Component 2 value
(CFi,14)v 4, 5, 8, 10, 15 Inside trapped air 1.96
(CFi,0)encl 6, 7, 9, 12, 13 Ambient air 2.74
(CFi,0)ha,hb 11, 16 Ambient air 2.88
temperature is desired to avoid increasing the temperature of any component above its melting point. Adjusting the current
to avoid that scenario can be accomplished in real time using a feedback loop that includes temperature prediction. To this
aim, the state space equation of an Omnimagnet is presented as Eq. B.1:
~˙T = A~T +B~U +GT0 (B.1)
where ~˙T is a set of n temperature derivatives with respect to time (for the Omnimagnet in Appendix A, n = 16), A is an
n×n matrix, B is an n×3 matrix, and G is an n×1 matrix. ~T is a vector consisting of n temperatures, ~U is the input vector
consisting of the square of three input currents (I2). The non-zero components of the A, B, and G matrices are listed here, in
a general form and for the specific Omnimagnet presented in Appendix A. The round parenthesis are used when a parameter
is function of temperature and brackets are used for grouping terms.
The general form of matrix A components are defined by equations B.2 and B.3:
Ai, j =
1
ρicpiVi
[
j=n
∑
j=1, j 6=i
(
m=3
∑
m=1
κ jSi, j,m
∆x j,m
)
+
(
∑
j=0| j=14
m=3
∑
m=1
hi, jSi, j,m
)
+
(
m=3
∑
m=1
σεiSi,0,mT 3i
)]
(B.2)
Ai,i =−
j=n
∑
j=1, j 6=i
Ai, j (B.3)
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The matrix A non-zero components for the Omnimagnet discussed on Appendix A, are:
A1,1 =−[A1,8+A1,9], A1,8 =
κ8
[
S1,8,x
∆x8
+
S1,8,y
∆y8
+
S1,8,z
∆z8
]
ρ1cp1(T1)V1
, A1,9 =
κ9
[
S1,9,x
∆x9
+
S1,9,y
∆y9
+
S1,9,z
∆z9
]
ρ1cp1(T1)V1
,
————————————————————————————————————————————————–
A2,2 =−[A2,10+A2,11], A2,10 =
κ10
[
S2,10,x
∆x10
+
S2,10,y
∆y10
+
S2,10,z
∆z10
]
ρ2cp2(T2)V2
, A2,11 =
−κ11
[
S2,11,x
∆x11
+
S2,11,y
∆y11
+
S2,11,z
∆z11
]
ρ2cp2(T2)V2
,
————————————————————————————————————————————————–
A3,3 =−
[
A3,12+A3,13+
σε3[S13,0,x+S13,0,y+S13,0,z]T 33
ρ3cp3(T3)V3
]
, A3,12 =
κ12
[
S3,12,x
∆x12
+
S3,12,y
∆y12
+
S3,12,z
∆z12
]
ρ3cp3(T3)V3
,
A3,13 =
κ13
[
S3,13,x
∆x13
+
S3,13,y
∆y13
+
S3,13,z
∆z13
]
ρ3cp3(T3)V3
,
————————————————————————————————————————————————–
A4,4 =− [A4,5+A4,8+A4,14+A4,15] , A4,5 =
κ5
[
S4,5,x
∆x5
+
S4,5,y
∆y5
+
S4,5,z
∆z5
]
ρ4cp4V4
, A4,8 =
κ8
[
S4,8,x
∆x8
+CF4,8,2
S4,8,y
∆y8
+CF4,8,3
S4,8,z
∆z8
]
ρ4cp4V4
,
A4,14 =
(CF4,14h4,14)v [S4,14,x+S4,14,y+S4,14,z]
ρ4cp4V4
, A4,15 =
κ15
[
S4,15,x
∆x15
+CF4,15,2
S4,15,y
∆y15
+
S4,15,z
∆z15
]
ρ4cp4V4
,
————————————————————————————————————————————————–
A5,4 =
κ4
[
S4,5,x
∆x4
+
S4,5,y
∆y4
+
S4,5,z
∆z4
]
ρ5cp5V5
, A5,5 =−[A5,4+A5,6+A5,8+A5,10+A5,12+A5,14], A5,6 =
κ6
[
CF5,6,1
S5,6,x
∆x6
+
S5,6,y
∆y6
+
S5,6,z
∆z6
]
ρ5cp5V5
,
A5,8 =
κ8
[
CF5,8,1
S5,8,x
∆x8
+
S5,8,y
∆y8
+
S5,8,z
∆z8
]
ρ5cp5V5
, A5,10 =
κ10
[
CF5,10,1
S5,10,x
∆x10
+
S5,10,y
∆y10
+CF5,10,3
S5,10,z
∆z10
]
ρ5cp5V5
,
A5,12 =
κ12
[
S5,12,x
∆x12
+
S5,12,y
∆y12
+CF5,12,3
S5,12,z
∆z12
]
ρ5cp5V5
, A5,14 =
−(CF5,14h5,14)v[S5,14,1+S5,14,2+S5,14,3]
ρ5cp5V5
,
————————————————————————————————————————————————–
A6,5 =
κ5
[
CF5,6,1
S5,6,x
∆x5
+CF5,6,2
S5,6,y
∆y5
+
S5,6,z
∆z5
]
ρ6cp6V6
, A6,6 =−
[
A6,5+A6,7+A6,10+A6,12+
(CF6,0h6,0)encl
[
S6,0,x+S6,0,y+S6,0,z
]
ρ6cp6V6
]
,
A6,7 =
κ7
[
S6,7,x
∆x7
+
S6,7,y
∆y7
+
S6,7,z
∆z7
]
ρ6cp6V6
, A6,10 =
κ10
[
S6,10,x
∆x10
+CF6,10,2
S6,10,y
∆y10
+
S6,10,z
∆z10
]
ρ6cp6V6
, A6,12 =
κ12
[
CF6,12,1
S6,12,x
∆x12
+CF6,12,2
S6,12,y
∆y12
+
S6,12,z
∆z12
]
ρ6cp6V6
,
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————————————————————————————————————————————————–
A7,6 =
κ6
[
S6,7,x
∆x6
+CF6,7,2
S6,7,y
∆y6
+
S6,7,z
∆z6
]
ρ7cp7V7
,
A7,7 =−
[
A7,6+A7,12+A7,16+
−(CF7,0h7,0)encl [S7,0,x+S7,0,y+S7,0,z]+σε7 [S7,0,x+S7,0,y+S7,0,z]T 37
ρ7cp7V7
]
,
A7,12 =
κ12
[
S7,12,x
∆x17
+
S7,12,y
∆y17
+
S7,12,z
∆z17
]
ρ7cp7V7
, A7,16 =
κ16
[
S7,16,x
∆x16
+
S7,16,y
∆y16
+
S7,16,z
∆z16
]
ρ7cp7V7
,
————————————————————————————————————————————————–
A8,1 =
κ1(T1)
[
S1,8,x
∆x1
+
S1,8,y
∆y1
+
S1,8,z
∆z1
]
ρ8cp8V8
, A8,4 =
κ4
[
S4,8,x
∆x4
+CF4,8,2
S4,8,y
∆y4
+CF4,8,3
S4,8,z
∆z4
]
ρ8cp8V8
, A8,5 =
κ5
[
CF5,8,1
S5,8,x
∆x5
+
S5,8,y
∆y5
+
S5,8,z
∆z5
]
ρ8cp8V8
,
A8,8 =− [A8,1+A8,4+A8,5+A8,14] , A8,14 = (CF8,14h8,14)v [S8,14,x+S8,14,y+S8,14,z]ρ8cp8V8 ,
————————————————————————————————————————————————–
A9,1 =
κ1(T1)
[
S1,9,x
∆x1
+
S1,9,y
∆y1
+
S1,9,z
∆z1
]
ρ9cp9V9
, A9,9 =−
[
A9,1+A9,10+
(CF9,0h9,0)encl [S9,0,x+S9,0,y+S9,0,z]
ρ9cp9V9
]
,
A9,10 =
κ10
[
S9,10,x
∆x10
+
S9,10,y
∆y10
+
S9,10,z
∆z10
]
ρ9cp9V9
,
————————————————————————————————————————————————–
A10,2 =
κ2(T2)
[
S2,10,x
∆x2
+
S2,10,y
∆y2
+
S2,10,z
∆z2
]
ρ10cp10V10
, A10,5 =
κ5
[
CF5,10,1
S5,10,x
∆x5
+
S5,10,y
∆y5
+CF5,10,3
S5,10,z
∆z5
]
ρ10cp10V10
,
A10,6 =
κ6
[
S6,10,x
∆x6
+CF6,10,2
S6,10,y
∆y6
+
S6,10,z
∆z6
]
ρ10cp10V10
, A10,9 =
κ9
[
S9,10,x
∆x9
+
S9,10,y
∆y9
+
S9,10,z
∆z9
]
ρ10cp10V10
,
A10,10 =− [A10,2+A10,5+A10,6+A10,9+A10,14] , A10,14 = (CF10,14h10,14)v [S10,14,x+S10,14,y+S10,14,z]ρ10cp10V10 ,
————————————————————————————————————————————————–
A11,2 =
κ2(T2)
[
S2,11,x
∆x2
+
S2,11,y
∆y2
+
S2,11,z
∆z2
]
ρ11cp11V11
, A11,11 =−
[
A11,2+A11,12+A11,16+
(CF11,0)ha,hb((h11,0)hb+(h11,0)ha)S11,0,y
ρ11cp11V11
]
,
A11,12 =
κ12
[
S11,12,x
∆x12
+
S11,12,y
∆y12
+
S11,12,z
∆z12
]
ρ11cp11V11
, A11,16 =
κ16
[
S11,16,x
∆x16
+
S11,16,y
∆y16
+
S11,16,z
∆z16
]
ρ11cp11V11
,
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A12,3 =
κ3(T3)
[
S3,12,x
∆x3
+
S3,12,y
∆y3
+
S3,12,z
∆z3
]
ρ12cp12V12
, A12,5 =
κ5
[
S5,12,x
∆x5
+
S5,12,y
∆y5
+CF5,12,3
S5,12,z
∆z5
]
ρ12cp12V12
,
A12,6 =
κ6
[
CF6,12,1
S6,12,x
∆x6
+CF6,12,2
S6,12,y
∆y6
+
S6,12,z
∆z6
]
ρ12cp12V12
, A12,7 =
κ7
[
S7,12,x
∆x7
+
S7,12,y
∆y7
+
S7,12,z
∆z7
]
ρ12cp12V12
, A12,11 =
κ11
[
S11,12,x
∆x11
+
S11,12,y
∆y11
+
S11,12,z
∆z11
]
ρ12cp12V12
,
A12,12 =−
[
A12,3+A12,5+A12,6+A12,7+A12,11+
σε12 [S12,0,x+S12,0,y+S12,0,z]T 312+(CF12,0h12,0)encl [S12,0,x+S12,0,y+S12,0,z]
ρ12cp12V12
]
]
,
————————————————————————————————————————————————–
A13,3 =
κ3(T3)
[
S3,13,x
∆x3
+
S3,13,y
∆y3
+
S3,13,z
∆z3
]
ρ13cp13V13
, A13,13 =A13,3+
(CF13,0h13,0)encl [S13,0,x+S13,0,y+S13,0,z]+σε13 [S13,0,x+S13,0,y+S13,0,z]T 313
ρ13cp13V13
,
————————————————————————————————————————————————–
A14,4 =
CF4,14h4,14)v [S4,14,x+S4,14,y+S4,14,z]
ρ14cp14V14
, A14,5 =
(CF5,14h5,14)v
[
S5,14,x+S5,14,y+S5,14,z
]
ρ14cp14V14
,
A14,8 =
(CF8,14h8,14)v [S8,14,x+S8,14,y+S8,14,z]
ρ14cp14V14
,A14,10 =
(CF10,14h10,14)v [S10,14,x+S10,14,y+S10,14,z]
ρ14cp14V14
,
A14,14 =− [A14,4+A14,5+A14,8+A14,10+A14,15] , A14,15 =
(CF15,14h15,14)v
[
S14,15,x+S14,15,y+S14,15,z
]
ρ14cp14V14
,
————————————————————————————————————————————————–
A15,4 =
κ4
[
S4,15,x
∆x4
+CF4,15,2
S4,15,y
∆y4
+
S4,15,z
∆z4
]
ρ15cp15V15
, A15,14 =
(CF15,14h15,14)v
[
S14,15,x+S14,15,y+S14,15,z
]
ρ15cp15V15
, A15,15 =− [A15,4+A15,14] ,
————————————————————————————————————————————————–
A16,7 =
κ7
[
S7,16,x
∆x7
+
S7,16,y
∆y7
+
S7,16,z
∆z7
]
ρ16cp16V16
, A16,11 =
κ11
[
S11,16,x
∆x11
+
S11,16,y
∆y11
+
S11,16,z
∆z11
]
ρ16cp16V16
,
A16,16 =−
[
A16,7+A16,11+
(CF16,0)ha,hb((h16,0)hb+(h16,0)ha)
[
S16,0,x+S16,0,y+S16,0,z
]
+σε16
[
S16,0,x+S16,0,y+S16,0,z
]
T 316
ρ16cp16V16
]
————————————————————————————————————————————————–
B is an n×3 matrix. The general form of the components of B is (equation B.4)
Bi, j =
Ri
ρicpiVi
(B.4)
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where the non-zero components represent the contribution of the electrical current.
For the Omnimagnet in Appendix A, B is a 16×3 matrix and the non-zero components are:
B1,1 =
R(T1)
ρ1cp1(T1)V1
B2,2 =
R(T2)
ρ2cp2(T2)V2
B3,3 =
R(T3)
ρ3cp3(T3)V3
G is a n×1 matrix in general and the components are expressed as (equation B.5):
Gi, j =
1
ρicpiVi
[(
m=3
∑
m=1
hi,0Si,0,m
)
+
(
m=3
∑
m=1
σεiSi,0,mT 30
)]
(B.5)
For the Omnimagnet in Appendix A, G is a 16×1 matrix with the following nonzero components:
G3 =
σε3 [S13,0,x+S13,0,y+S13,0,z]T 30
ρ3cp3(T3)V3
, G6 =
(CF6,0h6,0)encl
[
S6,0,x+S6,0,y+S6,0,z
]
ρ6cp6V6
,
G7 =
(CF7,0h7,0)encl [S7,0,x+S7,0,y+S7,0,z]+σε7 [S7,0,x+S7,0,y+S7,0,z]T 30
ρ7cp7V7
,
G9 =
(CF9,0h9,0)encl [S9,0,x+S9,0,y+S9,0,z]
ρ9cp9V9
, G11 =
(CF11,0)ha,hb((h11,0)ha+(h11,0)hb)S11,0,y
ρ11cp11V11
,
G12 =
(CF12,0h12,0)encl [S12,0,x+S12,0,y+S12,0,z]+σε12 [S12,0,x+S12,0,y+S12,0,z]T 30
ρ12cp12V12
,
G13 =
(CF13,0h13,0)encl [S13,0,x+S13,0,y+S13,0,z]+σε13([S13,0,x+S13,0,y+S13,0,z]T 30
ρ13cp13V13
,
G16 =
(CF16,0)ha,hb((h16,0)ha+(h16,0)hb)
[
S16,0,x+S16,0,y+S16,0,z
]
+σε16
[
S16,0,x+S16,0,y+S16,0,z
]
T 30
ρ16cp16V16
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